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Ions of inorganic salts are known to affect bubble coalescence via ion size, charge density and polarizabil-
ity. In this paper, a systematic study of the effect of monovalent anions (F, Cl, Br and I) and cations
(Li+, Na+ and K+) on the lifetime of liquid ﬁlms between two bubble surfaces is carried out by applying the
thin ﬁlm interferometry method. To mimic realistic conditions of bubble coalescence in a bubble column,
drainage and stability of saline water ﬁlms driven by different interface approach speeds (10–300 lm/s)
using a nano-pump was investigated. The results show signiﬁcant effects of interface approach speed on
transient ﬁlm thickness and radius, ﬁlm stability and rupture, and lifetime of saline water ﬁlms. The
experiments also indicate that there is a critical approach speed of 35 lm/s for pure deionised water
above which the water ﬁlms instantly coalesce, i.e., no water ﬁlm can be obtained. High interface
approach speed creates corrugation on saline water ﬁlm surfaces, which rapidly increases the rates of
ﬁlm radial expansion and drainage, and shortens the ﬁlm lifetime. There is a critical salt concentration
above which the saline water ﬁlm lifetime abruptly increases. This critical concentration is independent
of the interface approach speeds of 10–300 lm/s. Our experimental results show a decreasing trend of
ﬁlm lifetime with increasing the size of either the cation or anion (NaF > LiCl > NaCl > NaBr > NaI). The
order of the critical concentrations is the opposite of the order of lifetimes. The experimental results high-
light the ion-speciﬁc effect of salt ions on the water structure and hence the behavior of saline liquid
ﬁlms. These results are relevant to a number of chemical engineering processes taking place in saline
water, including mineral separation by ﬂotation using air bubbles in saline water.
 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/3.0/).1. Introduction
The stability of bubbles and foams is important in many
scientiﬁc and technological ﬁelds, such as surface and colloid
chemistry, biology, biochemistry, tertiary oil recovery, foam frac-
tionation and mineral ﬂotation. Salts and surfactants are known
to affect bubble coalescence and foam stability. The case of surfac-
tant-laden ﬁlms is relatively well understood [1,2]. The effect of
salts on liquid ﬁlm drainage and rupture has been established
experimentally. However, the majority of the experiments on bub-
ble coalescence were conducted using bubble columns [2–6].
The bubble size and rise velocity, the salt type and concentra-
tion can affect the stability of liquid ﬁlms and hence bubblecoalescence and foam stability. There are few papers devoted to
the effect of approach velocity between bubbles (interface
approach speed), compared to other effective factors, such as sur-
factant and salt types and concentrations [4,7]. It is reported in the
literature that there is little experimental information on the
behavior of single (foam) ﬁlms between two bubbles in the pres-
ence of different salts at different interface approach speeds
[8,9]. Moreover, the focus of the majority of the available literature
is on either the concentration or type of salts at (unquantiﬁed and
unknown) interface approach speeds [8,10,11], or on the air–
solution interface approach speeds but with a single salt (mainly
NaCl) [7,12,13]. Therefore, this paper aims to ﬁll this gap to develop
a better understanding of the combined effect of salt type and
concentration, and interface approach speed on the stability of
saline liquid ﬁlms, affecting bubble coalescence in salt solutions.
In particular, it provides further microscopic evidence of the
important role displayed by halide anions and alkali cations during
the interactions between two air-saline water interfaces at very
small separation distances. The remainder of this paper is arranged
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applied in this work. It is followed by a discussion of the ﬁndings.
The discussion highlights the signiﬁcant effect of the interface
approach speed, salt concentration and ion types on the lifetime
and drainage of saline liquid ﬁlms between two air-saline water
interfaces. Finally, the conclusion summarises the main ﬁndings
presented in this work.2. Experimental method and material
Light micro-interferometry with the experimental setup shown
in Fig. 1 was used to investigate the drainage and lifetime of aque-
ous (foam) ﬁlms between two air–water interfaces (‘‘two bub-
bles’’). It involves the determination of ﬁlm thickness from the
change in intensity because of the phase lag of light reﬂected from
the ﬁlm interfaces illuminated by a white light. As a result of the
interference of the light reﬂected from the interfaces, a set of
fringes with different colors (the Newton rings) was observed
and recorded using the Image J software. The interferograms were
analyzed using the available theory [14] and a MATLAB code devel-
oped in our lab. The setup consists of (1) a ﬁlm holder with an
inner diameter of 4 mm for producing the foam ﬁlm, (2) a glass
(Scheludko) cell to enclose the ﬁlm holder, the aqueous solution
and the gas phase, (3) a motorized nano-pump for controlling
the liquid suction rate, (4) a light source, (5) an inverted metallur-
gical microscope (Nikon, Japan) for illuminating and observing the
ﬁlm and the interference fringes in the reﬂected light, (6) a CCD
video camera (Canon PSA640) for registering the transient interfer-
ometric images and (7) a computer for recording the transient
interferometric images for further off-line processing and analysis.
The ﬁlm holder remained at a ﬁxed position in the ﬁeld of view of a
reﬂection video microscope. The nano-pump was used to control
the interface approach speeds between 10 and 300 lm/s.
All the glassware and tubes were thoroughly cleaned in a lam-
inar ﬂow cabinet by soaking in alkaline cleaning solution prepared
from potassium hydroxide, water and ethanol (12.5:16:80 mass
ratio), and vigorously rinsed many times with pure deionized
(DI) water puriﬁed using an Ultrapure Academic Milli-Q system
(Millipore, USA). The glassware and tubes were then soaked in a
dilute hydrochloric acid solution and ﬂushed thoroughly with DI
water. This cleaning method ensured all the equipment was free
from contamination. All the salts were purchased from Sigma–
Aldrich (Australia) with purity higher than 99.5% and further puri-
ﬁed by either roasting at 500 C for 4 h or foam fractionation byFig. 1. Schematic of experimental mbubbling the solutions with nitrogen for 2–3 min. Initially, the ﬁlm
holder was ﬂushed with the salt solutions before each experiment.
A double-concave droplet of the salt solution of interest was cre-
ated inside the ﬁlm holder and a small amount was kept in the cell
to saturate the environment inside the glass cell. The setup was left
for about one hour to reach thermal equilibrium so as to avoid ﬁlm
thinning due to evaporation. Film drainage was obtained by utiliz-
ing the nano-pump. To mimic realistic conditions of bubble coales-
cence in a bubble column, the liquid within the ﬁlm holder was
continuously pumped out until the ﬁlm ruptured. The suction rate
was changed over a wide range (100–4000 nL/s) in order to see the
dynamic effect of interface approach speed on the ﬁlm drainage.
For comparison, the drainage experiments at zero air–liquid inter-
face approach speed were also conducted by stopping the pump
when the ﬁrst ﬁlm was interferometrically observed. Each experi-
ment for a particular salt type and concentration at a particular
suction rate was repeated at least 20 times to obtain statistically
reliable data. The ﬁlm lifetime was measured from the instant of
ﬁlm formation (the ﬁrst interferogram) until ﬁlm disappearance
by rupture. All the experiments were conducted at a constant room
temperature (22 C).
The suction rate was converted to interface approach speed by
dividing the rate by the cross-section area of the ﬁlm holder. This
interface approach speed is approximately equal to the approach
speed of the ﬁlm surfaces at the beginning of ﬁlm drainage when
the effects of colloidal forces and micro-hydrodynamics on ﬁlm
drainage are weak.
3. Results and discussion
3.1. Film drainage driven by interface approach speed
It was observed that owing to the applied external driving force
by the pump suction, the liquid ﬁlms rapidly expanded during
drainage until reaching a critical thickness at which the ﬁlm rup-
ture occurred. Depending on the applied interface approach speed,
the ﬁlm lifetime, expansion rate and critical thickness could differ
signiﬁcantly. Fig. 2a shows the signiﬁcant effect of the applied
interface approach speed on the evolution of saline water ﬁlms.
In the case of non-zero interface approach speed, the liquid ﬁlm
expanded very rapidly because of the continuous work of the
nano-pump. In contrast, in the case of the zero interface approach
speed, the radius of the ﬁlm did not change signiﬁcantly. Fig. 3a
shows the transient ﬁlm thickness and radius obtained for the sal-
ine water ﬁlms in Fig. 2b.icrointerferometric setup [8].
Fig. 2a. Evolution of 2 M NaCl foam ﬁlms drainage at an interface approach speed of 10 lm/s (top) and zero approach speed (bottom).
1214 M. Firouzi, A.V. Nguyen / Advanced Powder Technology 25 (2014) 1212–1219According to the classical theory of Stefan-Reynolds [15] and
the other improved drainage models [16–18], the drainage rate is
inversely proportional to the ﬁlm radius. Therefore, increasing
the ﬁlm radius would decrease the ﬁlm drainage rate which
supports our experimental results shown in Fig. 3b. Liquid ﬁlms
driven by an external pressure of the pump suction could last con-
siderably longer than the ﬁlms drained under the condition of no
externally applied pressure (at zero interface approach speed).
3.2. Effect of different air–liquid interface approach speeds
Film instability and bubble coalescence are quantiﬁed by two
parameters: ﬁlm drainage time and ﬁlm rupture time, which can
be inﬂuenced by surface mobility and surface hydrodynamic inho-
mogeneity (corrugation). In the case of highly mobile ﬁlm surfaces
the water velocity proﬁle is very uniform (plug ﬂow) inside the
ﬁlms, unlike the immobile surfaces with the velocity proﬁle having
a parabolic shape (Poiseuille ﬂow). The latter case is associated
with large hydrodynamic resistance which decreases the drainage
rate and large surface corrugation which causes the ﬁlm rupture at
large thickness [7]. Fig. 2b shows the effect of interface approach
speed on ﬁlm surface topology in 0.15 M NaCl solutions at two
speeds: 100 and 10 lm/s.
When interface approach speed is high, the ﬁlm surface area
and diameter increase faster than when the speed is slow. As
shown in Fig. 2b, the ﬁlm expanded up to a radius of 0.287 mmin just 1.8 s at high interface approach speed (100 lm/s), while it
took 15.4 s to expand up to almost that radius at slow approach
speed (10 lm/s). It is shown for surfactant-laden ﬁlms that at rel-
atively high approach speeds, the hydrodynamic pressure can be
sufﬁciently large to cause the ﬁlm surfaces to be dimpled with ﬁlm
thickness being thinner at the barrier rim than at the ﬁlm center.
As a result, the rim (barrier) impedes the ﬂow from the center
and causes an inward ﬂow toward the dimple which accelerates
thinning the ﬁlm thickness at the rim [19,20]. This behavior of
the surfactant-stabilised ﬁlms is also applied to saline water ﬁlms
shown in Fig. 2b, where a lot of small hydrodynamic domains can
be seen at high approach speed. The foam ﬁlm at high interface
approach speed (100 lm/s) ruptured at about 5.5 s which was
signiﬁcantly shorter than the rupture time of the case of slow
interface approach speed (15.5 s).
Fig. 3b shows the effect of interface approach speed on the
surface morphology of the ﬁlms of similar size taken at 1.8 s and
15.4 s from Fig. 2b. High interface approach causes surface inho-
mogeneity due to the hydrodynamic effect, which can lead to dim-
ple formation. Unlike the non-uniform surface ﬁlm observed at
high interface approach speed, the ﬁlm is relatively uniform and
planar when the air–liquid interfaces approach at slow speed
(10 lm/s).
Fig. 4 illustrates the effect of the interface approach speed on
the lifetime of foam ﬁlms of DI water. The results in this ﬁgure
indicate that there is a critical approach speed of 35 lm/s above
Fig. 2b. Effect of air–liquid interface approach speed on the ﬁlm surface morphology for 0.15 M NaCl at 100 lm/s (top) and 10 lm/s (bottom).
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speed.
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critical value, ﬁlms can form and last for a few seconds. Yaminsky
et al. [7] estimated this critical velocity by equating the predicted
critical separations at which surfaces of a liquid ﬁlm become
mobile and ﬂat, giving
uc ¼ 43
 3 Dr2
gr
ð1Þ
where r is the surface tension, Dr is the required surface tension
difference to fully immobilize the ﬁlm interfaces and g is the solu-
tion viscosity. Considering Dr = 0.07 mN/m as the required surface
tension difference to fully immobilize the interfaces, r = 72 mN/m
and g = 1 mPa s for pure water the authors estimated a critical
approach speed of 160 lm/s. As discussed by Yaminsky et al. [7],
the local variations in the structure of the electrical double layer
because of the presence of hydroxyl and hydronium ions of water
can generate a surface tension gradient through an electrokinetic
phenomenon. This very small surface tension difference can change
the surface mobility of the air–liquid interfaces. The predicted crit-
ical speed of 160 lm/s by Yaminsky et al. [7] is larger by a factor of
4 than our critical value of 35 lm/s. Yaminsky et al. noted that they
likely overestimated the value of Dr by ignoring the effect of
bubble deformation and partial mobility. Substituting our critical
velocity for DI water ﬁlms (35 lm/s) into Eq. (1) results in
Dr = 0.033 mN/m. This value is in agreement with the reported
value of Dr  0.03 mN/m by Lin and Slattery [21] who accounted
Fig. 3b. Effect of air–liquid interface approach speed on the surface morphology of 0.15 M NaCl ﬁlms at u = 100 and 10 lm/s.
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face by the hydrodynamic pressure. We note that a trace amount
of impurities from an old N2 gas used in drying the glasswares
can change this critical speed to values higher than 100 lm/s and
the liquid ﬁlms can be stable for minutes.Fig. 5. Comparision of lifetimes of DI water ﬁlms and halide salt ﬁlms at (0.01 M)
and high (1 M) salt concentrations.3.3. Effect of monovalent ions on bubble coalescence
Fig. 5 shows the effect of monovalent ions on the lifetime of DI
water and saline water ﬁlms of low (0.01 M) and high (1 M) salt
concentrations. Sodium ﬂuoride is not included in Fig. 5 (1 M)
because its saturation concentration is around 1 M and the inter-
ferograms were not visible for quantiﬁcation. The results show that
at very small concentrations, sodium halide ﬁlms have shorter life-
time than the lifetime of DI water ﬁlms and therefore do not inhibit
bubble coalescence at low concentrations. However, at high con-
centrations (>0.01 M), saline liquid ﬁlms can last signiﬁcantly
longer than DI water ﬁlms.
Fig. 6 compares the effect of halide anions and alkali cations on
lifetime of saline water ﬁlm (bubble coalescence) at two interface
approach speeds of 20 and 100 lm/s. The results indicate that for
each salt there is a critical concentration beyond which the ﬁlm
lifetime abruptly increases and the liquid ﬁlm can last for 2–50 s
depending on the salt type, concentration and approach speed of
air–liquid interfaces. This critical concentration is also referred toFig. 6. Effect of monovalent halide anions and alkali cations on the ﬁlm lifetime at
u = 100 and 20 lm/s.
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saline solutions undergo a transition from coalescence (instant
rupture) to non-coalescence (stable ﬁlm). This transition is attrib-
uted to a change in the hydrodynamic boundary condition of the
bubble-solution interface from mobile to immobile [22–24].
The insets in Fig. 7 represent ﬁlm lifetime vs. salt concentration
in the logarithmic scale. In the case of slower approach of bubbles,
u = 10 lm/s (Fig. 7) and 20 lm/s (Fig. 8), the results show a
decrease in the ﬁlm lifetime of DI water (equivalent to the salt
solution of 4 lM because of the presence of CO2 dissolved from
the atmosphere) with increasing salt concentration up to the crit-
ical concentrations. Further increasing salt concentration results in
abrupt increase in the lifetime of saline water ﬁlms. In contrary,
when the ﬁlm interfaces (bubbles) approach each other at the
speed of 100 lm/s which is above the critical approach speed of
DI water (35 lm/s), bubbles coalesce instantly in pure DI water.
The results also indicate that further increasing salt concentration
up to the critical concentrations does not stabilize the saline water
ﬁlms as relative to the pure DI water ﬁlms owing to high drainage
rate and screening of the electrical double-layer (EDL) repulsion. As
in the case of slow approach of bubbles, increasing the salts con-
centration above the critical concentration enhances the stability
of liquid ﬁlms as a result of the stabilizing effect of opposing forces
such as the tangential stress owing to the Gibbs-Marangoni effect.
Film lifetime of the investigated salts follows the following
order: NaF > LiCl > NaCl > KCl > NaBr > NaI. These results reveal
that the cation-speciﬁc and anion-speciﬁc effects are equally
important, unlike the general idea that the anion-speciﬁc effect is
more pronounced than the cation effect. Although anions have
strong interactions with water molecules compared to cations,
ion-water interactions are strongly affected by the counter-ions
in their vicinity.
Fig. 7 shows the effect of interface approach speed on critical
salt concentrations. The critical concentrations are similar for LiCl,
KCl and NaI. A slight increase in the critical concentration with
increasing the approach speed was observed for of NaF, NaCl and
NaBr. This slight increase is within the experimental error since
we cannot observe a consistent trend for all the salts of interest.
Therefore, the critical concentration of salts can be considered
independent of the approach speed of bubbles at the investigated
range of low approach speeds (10–300 lm/s).
So far, a number of mechanisms have been proposed concerning
the inhibiting effect of salts and are described in the following
sections.3.3.1. Effect of colloidal forces
Surface forces can affect bubble coalescence signiﬁcantly, as
exempliﬁed by the ﬁlm drainage rate, V, predicted by the
classical Stefan-Reynolds theory [15] as follows: V ¼ dh=dt ¼0.0
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Q , where h is the ﬁlm thickness, g is the viscosity, r
is the surface tension, Rf and Rc are the radii of the ﬁlm and ﬁlm
holder (bubble), respectively, and P is the (disjoining) pressure
of surface forces. These forces consist of DLVO and non-DLVO force
components. DLVO interactions include the van der Waals attrac-
tions and electrical double layer (EDL) interactions which are
repulsive in the case of air–water interfaces. The van der Waals
attractions are very weak and the Hamaker constant in the van
der Waals force is not signiﬁcantly inﬂuenced by properties of salt
ions. Since the air–water interface is negatively charged
(63 ± 2 mV) [25], the approach of two negatively charged bubbles
results in a sufﬁciently large repulsive EDL force (as shown by solid
blue line in) which outweighs the van der Waals attractive forces
and keeps the air–water interfaces separated. At high salt concen-
trations EDL forces normally become vanishingly small (dashed1
blue line in Fig. 8) and therefore they cannot explain the inhibiting
effect of salts [4,7]. At this stage the DLVO theory fails to consistently
explain the behavior of saline water ﬁlms. The effect of the ion type
is explicitly excluded in this theory and it cannot explain the ion-
speciﬁc effect on bubble coalescence [1]. Therefore, a consistent
mechanism is required.
Non-DLVO forces include the (repulsive) hydration force
(between hydrophilic surfaces) and the (attractive) hydrophobic
force (between hydrophobic surfaces). The hydration force arising
from the strongly bound and oriented layers of water molecules is
short-ranged. This force may prevent two surfaces or macromole-
cules from approaching closer than 0.5–0.6 nm (the size of two
water molecules) [26], but cannot stabilize saline water ﬁlms
thicker than 40 nm [4]. Hydrophobic attractions are known to be
10–100 times stronger than van der Waals attractions [2,3]. Such
strong interactions have a signiﬁcant effect on ﬁlm stability and
can affect bubble coalescence. The literature shows that salts
reduce the solubility of gases, which results in inhibition of bubble
coalescence via the hydrophobic force [2,3,27]. Therefore, at rela-
tively high salt concentrations, adding salts is expected to inhibit
bubble coalescence by screening hydrophobic attractions. It can
to some extent explain the noticeably longer lifetime of liquid ﬁlms
of sodium halide salts at higher concentration in Fig. 5. However,
there is no unique quantitative measurement to illustrate the
effect of different salts of different concentrations on the hydro-
phobic force between two bubbles.3.3.2. Ion-speciﬁc effect
The general behavior of salt solutions is attributed to the
ion-speciﬁc effect which depends on the interplay of ion–ion,1 For interpretation of color in Fig. 8, the reader is referred to the web version o
this article.f
Fig. 9. Total speciﬁc adsorption energy of investigated salts at air-solution interface
vs. their critical concentrations.
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speciﬁc-ion effect depends on the nature of the cation and anion
species in a solution and their interactions with the solvent mole-
cules [28]. Indeed the water structure or the perturbations of the
hydrogen-bonding network are very decisive and they are believed
to strongly depend on the size and polarizability of the hydrated
ions. Collins and Washabaugh [29] has shown that the effect of
an ion on the structure of water depends to a large extent on ion
charge density and whether the water–water interactions in bulk
solutions are comparable to ion–water interactions. Based on this
competition, ions are deﬁned as structure-makers (kosmotropes)
with high charge density that bind the immediately adjacent water
molecules tightly and structure-breakers (chaotropes) with low
charge density that are loosely bound to the adjacent water mole-
cules. The entropy of hydration, DS, which is the difference
between the entropy of water molecules in the bulk and the water
molecules adjacent to ions, is one of the parameters that can
describe the effect of ions on water structure quantitatively
[29,30]. Table 1 shows the DS value and radius of the alkali metal
and halide ions. Positive DS values indicate the strong ordering
effect of ions owing to the strong ion–water interaction. Negative
DS values are associated with larger ions, which reﬂect the disor-
dering effect and greater mobility of a water molecule in the vicin-
ity of the ion than the water molecule in the bulk. The former and
latter groups of ions are referred to as kosmotropes (Li+, Na+ and
F) and chaotropes (K+, Cl, Br and I) respectively.
Ion adsorption energy (the change in the energy of an ion from
the bulk water to an interface) is a function of ion size, polariza-
bilty and ionization potential. It can manifest the ion-speciﬁc effect
on the water structure. Fig. 9 shows a linear relationship between
the non-dimensional speciﬁc adsorption energy of salts of interest
and their critical concentrations. The details of the calculations are
available in the literature [31]. The general trend of the speciﬁc
adsorption energy is towards a larger U/KBT when increasing
the size of either the cation or anion. Salts with lower speciﬁc
adsorption energy affect bubble coalescence at lower concentra-
tions owing to their strong ion-water interactions. This trend is
consistent with our observations shown in Fig. 6 in which NaF
and NaI have the smallest and greatest critical concentration,
respectively.
The above-described classiﬁcation of ions helps explain many
experimental results if they are considered as a pair of salt ions.
The concept is known as the Collins’ concept of matching water
afﬁnities of salt ions [29,32,9]. The concept aligns with the obser-
vations concerning the effect of some salts on bubble coalescence
but not all salts. For example, the kosmotrope–kosmotrope and
chaotrope–chaotrope pairs of salt ions, such as in the case of NaF
and KCl, are matched in water afﬁnity, the partitions of the ion pair
at the water–air interface layer are similar and the ions capability
of inhibiting bubble coalescence is strong. Conversely, if pair ions
are not matched in water afﬁnity (kosmotrope–chaotrope), such
as in the case of NaI, the salt ion partitions at the water–air inter-
face layer are signiﬁcantly different and the salt capability of inhib-
iting bubble coalescence in water is weak. The Collins’ concept
agrees with the combining rule postulated for the ion-speciﬁc
effect on bubble coalescence by Craig et al. [2]. The combining rule
and the Collins concept indicate that taking into account the indi-
vidual effect of each ion alone is not sufﬁcient to fully explain the
inhibiting effect of salts on bubble coalescence.Table 1
Entropy of hydration and radius of alkali metal and halide ions of interest [30].
Ion name Li+ Na+ K+ F Cl Br I
DS [J K1mol1] +56 +5 34 +70 6 28 55
Radius [pm] 69 102 138 133 181 196 2203.3.3. Effects of viscosity and surface rheology
Salts can make liquid ﬁlms resistant to local deformation and
rupture during thinning by affecting the dynamic properties. Salts
can decrease the drainage rate substantially at concentrations
beyond critical concentrations by changing the surface mobility
[22,23,33,34]. Small ions like F and Li+ are tightly bound by the
surrounding water molecules and substantially conﬁne the water
molecules. Unlike the small ions, the hydration shells of large ions
like I are loosely bound and therefore the water molecules can
move freely towards the interface, leading to the deformation of
hydration shells. In LiCl solutions the strong cation–water interac-
tions result in a very viscous system with low surface mobility and
increasing the salt concentration signiﬁcantly increases the viscos-
ity. For larger ions like K+, the water–ion electrostatic interactions
are not sufﬁciently strong to inﬂuence the viscosity/mobility of the
water molecules and unlike LiCl, increasing the salt concentration
does not alter the viscosity appreciably [35]. These trends are con-
sistent with our observations in our experiments. Fig. 10 shows the
effect of salt concentration on the ﬁlm lifetime and viscosity of LiCl
and KCl solutions up to 4 M. Increasing the LiCl concentration
results in a considerable increase in ﬁlm lifetime and the solution
viscosity. However, in the case of KCl ﬁlms, the lifetime ﬁrst
increases and then decreases with increasing KCl concentration,
but the solution viscosity remains almost constant. Therefore, solu-
tion viscosity alone cannot be used to explain the inhibiting effect
of salts on bubble coalescence.
Salts can affect bubble coalescence by changing the surface
tension and mobility of the bubble–liquid interface. The rapid
stretch of the saline liquid ﬁlm during thinning and drainage
causes a non-uniform distribution of ions at the air–liquid interface
and a surface tension gradient which changes the tangential stress0.60
0 1 2 3 4
Salt concentraon [M]
Fig. 10. Film lifetime (blue) and solution viscosity (red) of LiCl (dotted lines) and
KCl (solid lines) vs. salt concentration at u = 10 lm/s. The viscosity data are taken
from [37]. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.).
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surface tension gradient with respect to the salt concentration
retards the ﬁlm thinning by causing the backward interface ﬂow
radially towards the ﬁlm center and thereby immobilizing the
interface. This stabilizing phenomenon, known as the Gibbs-
Marangoni effect, has been considered as a mechanism for inhibit-
ing bubble coalescence by salts at concentrations above transition
concentrations [7,11,22]. This inhibiting effect of salts was ﬁrst
theoretically described by Marrucci [22] and was later supported
by Prince and Blanch [23]. In 2005 Chan and Tsang [36] argued that
the Gibbs-Marangoni effect of salt solutions cannot be large
enough to inhibit bubble coalescence. Therefore, they incorporated
the short-ranged repulsive hydration force to explain the stabiliz-
ing effect of salts. We recently mathematically proved the inconsis-
tency of this model [24]. Yaminsky et al. [7] and Kalseboer et al.
[20] also demonstrated that that the Gibbs-Marangoni effect is
very effective even at very small surface tension gradients to alter
the air–bubble interface from mobile to partially mobile or immo-
bile interface.
4. Conclusions
A systematic study of the effect of halide anions and alkali cat-
ions on bubble coalescence at different air-interface approach
speeds has been conducted over an interface approach speed range
of 10–300 lm/s. The ﬁlm drainage experiments showed signiﬁcant
difference between zero and non-zero interface approach speeds.
In the former case, the nano pump was stopped as soon as the ﬁrst
interferometeric image of the ﬁlm was observed. In the latter case,
the nano-pump was used to continuously pump out the liquid
until the ﬁlm ruptured and disappeared. The ﬁlm lifetime was
measured from the instance of ﬁlm formation (the ﬁrst interfero-
metric image of a ﬁlm) until the ﬁlm disappearance by rupture.
The vital role of interface approach speed was demonstrated and
the results reconﬁrmed that the inhibiting effect of salts on ﬁlm
stability and rupture (bubble coalescence) depends not only on
the salt type and concentration but also on the interface approach
speed. The results also demonstrated that pure DI water ﬁlms can
be formed and last for a few seconds at interface approach speeds
smaller than a critical speed of 35 lm/s. For the interface approach
speeds greater than the critical speed, the water ﬁlms rupture
instantly. All the salts examined inhibited bubble coalescence
above a critical concentration, called the transition concentration.
The results indicated the important role of cations as well as anions
on bubble coalescence.
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